Epidermal growth factor (EGF), an acid-stable peptide present in rodent and human milk, is absorbed and promotes intestinal growth when fed to suckling rats. To determine whether absorptive cells of suckling rat ileum conduct selective transepithelial transport of EGF, we followed uptake of 1"I-EGF from ileal loops by autoradiography and biochemical methods. Specific binding sites for '"I-EGF were localized by electron microscope autoradiography on apical membranes of ileal epithelial sheets in vitro. During uptake in vivo, radiolabeled molecules were concentrated in apical endosomal compartments and were also associated with lysosomal vacuoles, basolateral cell surfaces, and lamina propria. Excess cold EGF reduced basolateral label by 44% and TCA precipitable serum label by 38%. After 30 and 60 min of continuous uptake, radiolabeled molecules in epithelium, denuded mucosa, blood, and liver were analyzed under reducing conditions by reversed-phase high-pressure liquid chromatography (HPLC) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Although considerable degradation of 15I-EGF occurred after uptake from the lumen, a portion of radiolabel in epithelium and mucosa represented '"I-EGF which eluted somewhat more rapidly from C18 HPLC columns and showed a slight decrease in apparent molecular weight by SDS-PAGE. All radiolabel in blood and liver represented breakdown products. Thus, EGF is selectively transported across the ileal epithelium in suckling rats but is modified during transport. Milk EGF may accumulate in the lamina propria where it could influence growth and maturation of the suckling intestine.
1. Abbreviations used in this paper: CF, cationized ferritin; EDB, epithelial dissociation buffer, EGF, epidermal growth factor, EM, electron microscope; HB, homogenization buffer; HD, half-distance; LM, light microscope; NGF, nerve growth factor; TFA, trifluoroacetic acid.
Epidermal growth factor (EGF),' a polypeptide hormone that affects proliferation and differentiation of epithelial tissues (1, 2) , is present in the milk of lactating mice (3, 4) , rats (5) , and humans (6, 7) . Previous investigators have shown that after oral administration of 1251-EGF, radiolabeled molecules with EGF immunoreactivity can be recovered in blood, liver, and other tissues of suckling rats (5) . Thus EGF may be absorbed from the gastrointestinal tract, but the specific sites of absorption and the mechanism by which EGF crosses the epithelial barrier are not known.
Intestinal epithelial cells of suckling rats are specialized for uptake, sorting, and digestion of milk macromolecules. In proximal regions, specific IgG receptors on luminal membranes of absorptive cells function in selective uptake of maternal immunoglobulins, intracellular sorting of IgG from soluble milk proteins, and subsequent transport of IgG to basolateral cell surfaces (8, 9) . In the ileum, in contrast, IgG receptors have not been demonstrated; rather, ileal absorptive cells are specialized for massive endocytosis and intracellular lysosomal degradation of milk macromolecules (10) (11) (12) . In previous studies, we explored the function of the complex system of endocytic compartments in ileal absorptive cells and demonstrated that membrane-bound and fluid-phase tracer macromolecules enter separate prelysosomal compartments (13). Although both adsorbed and fluid-phase tracers were generally transported to a common lysosomal destination, we also detected transcellular transport via small vesicles, a previously unrecognized pathway, when cationized ferritin was used as an adsorptive ultrastructural tracer protein. We recently demonstrated that nerve growth factor (NGF), a peptide present in milk, is transported intact across the ileal epithelium of suckling rats (14) . This raised the possibility that other physiologic milk proteins such as EGF may be selectively transported to the blood stream via this pathway.
Recently, EGF receptors were demonstrated in membrane preparations enriched in microvillar vesicles from small intestines ofsuckling rats (15) , and specific receptor-mediated binding and endocytosis of EGF was detected in isolated crypt and villus cells from suckling rat small intestine (16). Whether any ofthese receptors mediate transepithelial transport of the peptide has not been examined. This study was conducted to further elucidate the functions ofthe endocytic complex in absorptive cells of suckling rat ileum. Specifically, our goal was to determine whether luminal EGF binds to apical endocytic domains ofileal absorptive cell surfaces, whether it enters the adsorptive endocytic pathway, and whether this peptide is selectively transported across the ileal epithelium of the suckling rat.
Methods
Preparation of'25I-EGF. EGF was purified from extracts of mouse sub-arations used was 37.5 uCi/Mg EGF. All injected EGF solutions contained 1% bovine serum albumin (BSA) to minimize nonspecific sticking of EGF to glassware, syringes, and tissues.
Ligated loops in vivo. Suckling Sprague-Dawley rats (10-15 d old) (Charles River Breeding Laboratories, Inc., Wilmington, MA) were anesthetized by an intraperitoneal injection of 0.1-0.2 ml of a solution of 25% urethane in phosphate-buffered saline (PBS). An incision was made along the midline of the abdomen, a segment of distal ileum was exposed, and ligatures were passed through the mesentery without disturbing mesenteric circulation. The distal ligature, placed 3 cm proximal to the cecum, was tightened. A 27-gauge needle was passed through the proximal loose ligature, the ligature was tightened around the needle, and a solution of '25I-EGF in PBS/BSA was injected. As the needle was withdrawn, the ligature was further tightened to form a leak-free luminal compartment. After the appropriate time interval, blood was withdrawn by cardiac puncture and the ligated loop was excised intact. The loop lumen was rinsed with PBS and either filled with fixative solution (for autoradiography) or processed for biochemical analysis as described below.
To monitor possible leakage of '25I-EGF from ligated loops into the adjacent intestinal lumen, a loop containing labeled peptide was incubated in vivo for 60 min and then excised intact. 10 successive I-cm segments from the unligated intestine both proximal and distal to the loop were also excised, and radioactivity was counted. Significant radioactivity was detected only in segments 1-3 on either side of the loop, indicating that luminal EGF was confined to ileum in these experiments, and did not enter jejunum or colon. In separate studies (13) we showed that the ligation procedure used here did not result in leakage of horseradish peroxidase or ferritin through epithelial tight junctions.
Fixation, tissue processing, and autoradiography. Ileal tissues and epithelia were fixed in a solution consisting of2% freshly depolymerized formaldehyde, 2.5% glutaraldehyde, and 4 (2) .Lite ormano biondin of labeGF to surfaces inofve inutactkell in)ufxdepreparationsV) wasd obasepitediaftera30smort 4B). In cothprastepiteli tha weres ulbreflyd fIxoaed beforhe1-G indingt were morpaedwihoutloicalyhel prefiainservedan siniicntdeenraiv canesafe 6 mn t°Cinviro a w hv obsevedin pevius tudis uingsimiar repratins 23) Litle r-n binding of '25I-EGF to surfaces of~intac el nufdpeaain fixegbfre 1. LM autbindingrp ofwerusemopiheloiumlweireered afe60mnd showed cell surface label; these preparations were analyzed by EM autoradiography. Binding of radiolabeled EGF to apical and basolateral cell membranes of isolated epithelia was assessed by counting total plasma mnembrane-associated silver grains in a standard length (100 Mm) of epithelium in EM autoradiographs. The standard length was obtained by pooling random short lengths of well-oriented epithelial regions.
Analysis of radiolabeled molecules. To determine what portion, if any, of the '25I-EGF remained intact during and after epithelial uptake and transport, we analyzed radioactive molecules in tissue samples by high-pressure liquid chromatography (HPLC) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Two rat pups, 14 d of age, received 100 ,l of PBS/BSA containing 2.5 Mig EGF (2 X 105 cpm) in 15-cm ileal loops. After 30 and 60 min of continuous uptake, 0.5 ml of cardiac blood was collected, the entire liver was excised, and the ligated loop was removed intact. Blood was mixed with an equal volume of homogenization buffer (HB), consisting of 0.1 M phosphate buffer containing protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 1 ug/ml aprotinin, 2 ug/ml antipain, and 2 ug/ml leupeptin), and frozen on dry ice. A liver extract was prepared in a dounce homogenizer containing I ml of the same buffer and frozen. To separate epithelium from mucosa, the ileal loop was flushed with 10 ml of ice-cold PBS and cut into three segments. Each 5-cm segment was everted on a wooden rod, washed in two changes of cold PBS for 5 min, and immersed in epithelial dissociation buffer (EDB) for 10 min at 40C. EDB consisted of 200 mM sucrose, 76 mM Na2HPO4, 19 mM KH2PO4, 60 mM NaCl, and 20 mM EDTA with protease inhibitors. Everted segments were then transferred to 10 ml of fresh EDB and shaken. Epithelia are selectively removed by this procedure, leaving basal lamina and lamina propria intact (22) . Denuded mucosa was scraped into 1 ml of HB, homogenized, and frozen. Epithelia were pelleted, resuspended in 1 ml HB, and also homogenized and frozen.
Reversed-phase HPLC was performed on a C 18 Bondapack column (Waters Instruments, Inc., Rochester, MN) equilibrated in 0.1% trifluoroacetic acid (TFA) with 21% acetonitrile. Samples (epithelium, mucosa, or liver extracts, and serum) were diluted 1:1 with starting solvent, applied to a 7.8 X 30-cm column, and the column was washed for 5 min in the same solvent. Material was eluted with a 20-min acetonitrile gradient (21-63%) in 0.1% TFA. Flow rate was 2 (Fig. 2 A) and also to basolateral membranes. In the presence of competing unlabeled peptide, binding was reduced by 80% on apical surfaces (Fig. 2 B) and by 76% on basolateral surfaces (not shown).
To test the possibility that the radiolabel appearing in blood after uptake from ileal loops represented free '25I derived from the stock '251-EGF solution or from rapid luminal proteolysis of 1251-EGF, uptake of free 1251I from ileal loops was compared with that of '251-EGF (Fig. 3) . Free 125I was readily transported and accumulated rapidly in the blood during the first 20 min, but blood levels did not increase thereafter. At all times after free 1251 uptake, only 1-2% of serum counts were TCA precipitable. In contrast, uptake of radiolabel into blood from 1251_ EGF-filled loops showed an early, rapid increase (comparable with that of free 1251) followed by a more gradual but steady increase from 20 to 120 min. From 5 to-16% of these counts were TCA precipitable. Control samples of EGF were 77% TCA precipitable both in the presence and absence of serum.
The degree of specificity of the transepithelial transport pathway for EGF was estimated by analysis of LM autoradiographs and by TCA precipitation of blood radiolabel after 60 min of continuous 1251I-EGF uptake in the presence or absence of 1,000-fold competing unlabeled EGF. LM autoradiographs of tissue from noncompeted loops (as in Fig. 1 ) revealed 27% of epithelial label located apically, 30% in the vacuolar compartment, and 43% in the basal area. In competed loops, total grain counts over the epithelium were comparable with noncompeted loops, and apical label was only slightly decreased (from 27 to 23%). Label in the basal area, however, was clearly decreased (from 43 to 24%), and relatively more grains were located over vacuoles (53%). Total radioactivity per unit volume of blood was comparable in rat pups with competed and noncompeted loops, but the presence of excess cold EGF reduced the proportion ofserum radiolabel that was precipitated by TCA, from 15.3% in the noncompeted rat to 9.5% in the presence of cold EGF.
Intracellular route of'25I-EGF. Uptake and transport of 125j1 EGF by ileal epithelial cells was first visualized by LM autoradiography (Fig. 4) . At 5 min the microvillus border and a narrow strip of apical cytoplasm was radiolabeled, but no significant label was detected in deeper regions of absorptive cells or in the lamina propria (Fig. 4 A) . By 20 min (Fig. 4 B) (21) . This provides a basis for comparing relative concentrations of radiolabel in various subcellular regions.
lysosomal vacuole, and over basolateral regions ofepithelial cells. Some label also appeared in the lamina propria. After 60 and 120 min ofcontinuous uptake, the general distribution ofgrains over the epithelium was comparable with that observed at 20 min, but at 120 min the autoradiographic reaction over all areas, including lamina propria, increased significantly. EM autoradiographs prepared after 20, 60, and 120 min of continuous 1251-EGF uptake were analyzed as described in Methods. Percentages of total grains associated with major cell regions, the relative volumes ofthese regions, and relative grain densities are shown in Table I . At all three time intervals, 10-14% of total grains were present over microvilli. Some of these grains were at the bases of microvilli (Fig. 5) , and may have been associated with intermicrovillus membrane, a site of frequent coated pit formation. At all times, the highest numbers ofgrains (up to 44% at the 60-min interval) and the highest grain densities were over the apical endocytic complex (Figs. 5 and 6), indicating a significant concentration of label in endosomal compartments (Table I ). The close proximity of apical plasma membrane invaginations, smooth endocytic vesicles, coated vesicles, and labyrinthine tubular membranes within this area made more precise localization impossible, but many heavilylabeled areas contained only tubulocisternae (Fig. 6) . Beneath the endocytic complex, the giant lysosomal vacuole contained 20-24% of the total grains at all times. Because the vacuole represents -45% of cell volume, however, radioactivity was not highly concentrated in this compartment. Some '251-labeled molecules had apparently already been delivered to the basolateral side by 20 min: 26% of the grains were present in the basal regions of absorptive cells with 1% over basal cytoplasm and 15% associated with basolateral membranes (Fig. 7, A and  B) . Calculated grain densities in the basolateral membrane compartment were low (0.8-0.9) in spite of apparent association of many grains with this structure (Fig. 7 A) . This may be because the basolateral membrane "compartment" was defined for the purpose ofgrain counts as a wide, membrane-spanning corridor whose relative volume was much greater than the membrane itself, a single line source running through this corridor. 25I-EGF was sometimes found in the vicinity ofcoated vesicles and coated areas of basolateral membrane (Fig. 7 B) , but the resolution of the autoradiographic technique did not permit us to confirm the presence of EGF in these structures.
To confirm the existence oftransepithelial transport vesicles in neonatal ileum, tissues were fixed and examined by EM 60 and 90 min after introduction of cationized ferritin (CF) into the lumen as described in reference 13. Small clusters of CF were contained in vesicles in the basal cytoplasm of absorptive cells and were also present along basolateral cell surfaces (Fig. 7 C) .
Fate of '25I-EGF after uptake and transport. To determine tb what degree EGF was altered or degraded during and after transepithelial transport, we analyzed radiolabeled molecules in the epithelium, underlying mucosa, blood, and liver by HPLC (Fig. 8) and SDS-PAGE autoradiography (Fig. 9) . When stock radiolabeled EGF was chromatographed on a C18 reversed-phase column, radioactivity eluted in a single major peak at 48% acetonitrile, with a retention time of 17.5 min (Fig. 8 A) . Radiolabel in extracts of epithelium and mucosa eluted somewhat earlier than stock EGF. Epithelial extracts eluted in three distinct peaks, at 14, 15.5, and 16.5 min (Fig. 8 B) . Mucosal radioactivity eluted in a broad peak over a similar range, from 14 to 18 min (Fig. 8  C) . In addition, a portion of the radioactivity extracted from tnucosa eluted in much earlier peaks, at 5 and 6 min. In contrast, radioactivity in serum and liver eluted principally in the early peak at 5 min, and a portion of label in serum also eluted in a smaller peak at 6 min. Free 125I eluted entirely in a peak at 5 min, in the presence or absence of serum. SDS-PAGE and autoradiography ofthe same tissue extracts (epithelium, mucosa, serum, and liver) obtained after 30 min ofcontinuous -25I-EGF uptake, is shown in Fig. 9 . Stock samples of '25I-EGF electrophoresed in a diffuse band with molecular weight in the range of 6-12 kD, as previously reported (24). shown that in the ileum, EGF binds specifically not only to microvillus membranes but also to the invaginated apical membrane domains previously shown to be involved in endocytosis of membrane-bound luminal molecules (13, 33). It should be emphasized that the goal of this study was to elucidate transepithelial transport systems in the specialized absorptive cells of suckling rat ileum, and thus only ileum was examined. The possibility remains that luminal EGF receptors are also present on duodenal and jejunal cells and that endocytosis and transcytosis of EGF occurs in proximal as well as distal small intestine. The absorptive epithelium of the entire rat small intestine is highly endocytic during the suckling period, the first 3 wk after birth. During this time, proteolytic enzyme activity in the intestinal lumen is low (34) , so that little degradation of milk occurs in the lumen of the gastrointestinal tract. In absorptive cells of proximal small intestine, specific receptors for the Fc portion of IgG mediate uptake and transepithelial transport of intact maternal antibodies from milk to the circulation of the young (8, 9) . Undigested milk then passes to the ileum where it is endocytosed and degraded intracellularly. Ileal absorptive cells take up luminal contents into a highly developed complex of endosomal compartments and transport them to a giant lysosomal vacuole for degradation (10-12). Degradation products are presumed to diffuse across vacuolar and cell membranes, and hence into the neonatal circulation. Although this process was generally thought to be nonselective, directing all components ofmilk along a single lysosome-directed path, recent studies from this laboratory demonstrated that the tubulocisternal system is involved only in uptake of membrane-bound molecules (including CF and certain lectins) and that soluble molecules such as native ferritin are directed by the ileal cell into separate, vesicular prelysosomal compartments (13). The observation that small amounts of membrane-bound (but not soluble) tracers were transported to basolateral cell surfaces suggested that ileal cells, like their counterparts in jejunum, might sort certain membrane-bound milk molecules, perhaps bound to specific -, e7-, . Av Figure 6 . EM autoradiograph of the apical region of an ileal absorptive cell 60 min after intraluminal injection of '251-EGF. Although label was present throughout the endocytic pathway, in lysosomal vacuole (LVi) and basolateral regions, it was most concentrated in apical tubulocisternae (TC).
receptors, out of the lysosome-directed pathway for transepithelial transport. We have now shown that the physiologic milk peptide EGF may be selectively transcytosed via this pathway.
The doses of luminal EGF used in this study were well in excess of the levels present in rat milk, and presumably also far higher than the total binding capacity ofileal cell EGF receptors. To detect uptake and transport by EM autoradiography, we applied up to 1 gg/ml to an epithelium that normally would be exposed to milk concentrations of only -40 ng/ml (5) . Under these conditions, nonspecific binding of the peptide to cell membranes may occur (16) and in addition, significant amounts ofsoluble EGF would be expected to enter the fluid-phase uptake pathway. Nonspecific uptake by both ofthese mechanisms could have contributed to lysosomal degradation and subsequent diffusion of free 125I and labeled amino acids into the mucosa and blood, measured in this study as radiolabel not precipitable by TICA, and label appearing very early during elution from the reversed-phase HPLC column. Previous tracer studies indicated that the giant lysosome receives all of the proteins present in fluid-phase vesicles as well as most of the adsorbed molecules that enter the tubulocisternae (13). The proportions ofEGF that reached the lysosome via these two pathways could not be determined in our EM autoradiographs. In any case, lysosomal degradation and loss of label would account for the lack of increase in relative grain density over lysosomes between 20 min are generally permeable to amino acids but not to dipeptides or larger molecules (35) so EGF and large degradation products should not diffuse from lysosomes into the cytoplasm or lamina E M EGF .y y y Figure 9 . Autoradiograph of 13-22% SDS-PAGE after electrophoresis of epithelial extract (E), mucosal extract (M), and stock 1251I-EGF. A& from the tubulocisternae, where clathrin-coated pits are also frequently observed. Transcytosis was due at least in part to binding of '25I-EGF to specific receptors, because inclusion of 1,000-fold unlabeled EGF resulted in a 44% decrease in radiolabel in basal regions of epithelial cells as visualized by autoradiography and a 38% reduction in TCA pfecipitable serum radiolabel. In addition, however, a significant amount of 23I-EGF appeared to cross the epithelium in a nonspecific fashion. The possible existence of a nonselective, fluid-phase transepithelial transport pathway, comparable with that documented in hepatocytes (37) has not been ruled out. We consider it unlikely that ileal transport ofEGF was due simply to fluid-phase vesicles, however, because no transepithelial transport was detected in previous studies in which soluble proteins were applied to the ileal mucosa in concentrations as high as 25 and 10 mg/ml (native ferritin, references 10 and 13) or 20 mg/ml (horseradish peroxidase, reference 11).
It seems more likely that honspecific adherence of '251I-EGF was responsible for a portion ofthe labeled peptide that entered apical tubulocisternae and transepithelial transport vesicles because nonphysiological, adherent tracers such as cationized ferritin were seen to follow the same route.
Previous investigators demonstrated that a portion of orally fed EGF that is transported across the gastrointestinal epithelium retains immunoreactivity and, at least in mucosa, retains its ability to bind to EGF receptors (5) . Although the isoelectric point of orally fed '25I-EGF was reported to shift in the lumen and during uptake, some of the transported peptide recovered from blood and liver was considered structurally intact on the basis of its elution in the void volume of Sephadex G25 gel filtration columns (5). In preliminary intestinal uptake studies, however, we observed that radiolabeled molecules recovered from serum and liver eluted from Sephadex G50 columns at molecular weights higher than that of standard EGF, suggesting noncovalent binding of labeled EGF or its fragments to other proteins. In parallel studies on uptake of 125I-NGF, we showed that degradation products of 125I-NGF (but not intact '251-NGF) were recovered from liver and brain noncovalently bound to larger molecules and that such binding accounted for all radioactivity in the void volume of such columns (14). In the present study, we therefore chose to examine transported EGF radiolabel under dissociating conditions: reversed-phase HPLC in strong acid and organic solvents, and SDS-PAGE.
Radiolabeled molecules in extracts ofepitheliusf and mucosa were eluted from C1 8 HPLC columns at positions slightly different from the elution position of standard EGF, indicating that the charge or hydrophobicity of the peptide was modified during transepithelial transport. On SDS gels, radiolabeled peptides from epithelium and mucosa appeared as bands migrating somewhat more rapidly than the broad band representing monomeric and dimeric forms of standard radiolabeled EGF (24), and therefore slightly reduced in molecular weight. The magnitude of this reduction could not be determined in the gel system used. Internalization of EGF in fibroblast target cells has been reported to result in sequential changes (38) (39) (40) (41) beginning with a rapid, minor modification that appears to occur after entry into an acidic compartment (39, 40) but before entry into lysosomes (40, 41) . This early modification, consistent with removal of one or more amino acids from the carboxy terminus (38, 41), did not result in loss of receptor binding activity (40, 41) or immunoreactivity (41). Subsequent stages of modification and breakdown required lysosomal enzyme activity and resulted in loss of receptor binding (40, 41) . Our data suggest that EGF also undergoes limited cleavage during transepithelial transport. Such changes may occur rapidly, perhaps upon entry of EGF into an apical endosomal compartment in ileal cells, because no unmodified EGF was detected in epithelial extracts. Further studies are needed to map the exact transcellular route of EGF and to determine whether EGF remains receptor-associated along this pathway.
Radiolabel in serum and liver extracts, in contrast, eluted as markedly different positions from those of both "standard" and "modified" EGF by HPLC and were not detected on SDS gels, suggesting that extensive degradation had occurred. Serum EGF is known to be rapidly and efficiently bound by hepatocyte receptors (42) ; as much as 90% of an injected dose was cleared during a single pass through the liver (43) . In this study, the mucosal EGF that entered the bloodstream must have been rapidly removed and degraded in liver and perhaps in other target tissues, because no accumulation of intact or modified peptide could be detected in serum at any point during uptake. In contrast to our data, Thornburg et al. (5) detected labeled immunoreactive peptides in blood and liver after oral feeding of 125I-EGF to suckling rats. Our HPLC and SDS-PAGE results do not rule out the possibility that immunoreactive fragments of EGF persisted in blood and liver after ileal uptake.
Despite modifications during its uptake from the lumen, the EGF derived from milk that accumulates in the mucosa may be biologically active (5) and could bind to local receptors such as those on crypt cell basolateral membranes to stimulate cell proliferation in the suckling intestine. This hypothesis is supported by the observation that feeding of EGF-supplemented formula to suckling rats induced intestinal growth but had no effect on stomach or liver (25) . In separate studies, we have demonstrated that nerve growth factor, a peptide also present in milk, is transported across the ileal epithelium of suckling rats but is not cleared as rapidly from the blood and thus could potentially influence the development of distant neural tissues as well as enteric neurons (14). The influence of milk EGF, in contrast, may be limited to the intestinal mucosa because rapid hepatic clearance would prevent the delivery ofbiologically active peptide to distant sites.
